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POLOIDAL FIELD SYSTEM DESIGN FOR TNE ZT-40U
REVERSED FIELD PINCW EXPERIMENT

Kurt F. Schoenberg, Robert F. Cribble, Theodore W. Linton ●nd William R. Reass

Los Ala80B Natioml Laboratory
Loo Alemos, Pew Hexico 87545

Introduction—— —

The polold.slfield cyatem in a revereed field
pinch (RFP) provldee two important functionm. It
induces the toroidal electric field that drives the
plamea current over the duration of the discharge, ●nd
it providea the magnetic boundary cooditiorrs neceaaary
for plaamtt aq,,{.:ibrium.In ZT-40U, this functional
dichotomy 1s achieved by using two oeparate @yotema of
coile. The equilibrium winding, which providee the
ve-tical field ●nd field index neceesary for plasma
●quilibrium, and the magnetizing winding, which
provides th? flux awin” end magnetic energy necessary
Co set up and maintain
sectional drawing and flux
system is shown in Fig. 1.
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Fig. 1. A cronn-sectionaldrawtng and flux plot of the
XT-LOI°,,oloirlnlfield mystem,

toroidal ●nd poloidal gap to M11OW flux to penetrate
the ohell. For times lean :han 7, the characteristic
shell diffusion time,the shell stabilizes the plasma
againat MND irretabilitieaand holds the plasma in
equilibrium vie a distribution of induced current on
the inner shell surface. For times much greater thi,n
T, the ●quilibrium windings must provide the full
●quilibrium vertical field neceeaary to balance the
hoop stress of the dfacharge column, In the interim,
where the diocharge time is comparable to T, it is
still neceseary to provide a proper internal-external
field match in order to minimize shell currents that
can produce non-negligiblefield perturbations in the
Vicis>ity of shell ports and gaps, Hence, the
●quilibrium winding system must be able ‘o track the
plaema’a state ●nd provide a proper equilibrium on a
time ocale leus than T.

An analytic description of eqLillbrium field
diatributiona applicable to a wiie rangv of
experimental configuration was initially proposed by
Shafranrw.1’2 The description ●mployed the
oacroncopic equations of pressure balance for
axisymmetric toroidal syatema snd resulted in, for
lsrge ●spect retiom, the vertical magnetic field
required for equilibrium. Although, in general, the
equilibrium vertical field is a function of interntil
plaama parameters, the Shofranov results ●re,
insensitive to internal plasma structure and hence
depend only on the macroscopic character. Cich of tt)o
plasma column.

For a toroidal plasma discharge of nwjor radius P
nnd minor plasma radiun n’, which dcnotep the inllermtjst
flux surface enclosing the total planrnacurrent, tho
equilibrium vertical field for [<<1 in approximacvly
given by]
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<p> denotes plasma preaaure averaged over the plasma
croan section; P(a) denotea preesure ●t the vacuum
vessel wall; I repreaenta the toroidillplasma currerrt;

!is the PO oidal magnetic field;
:gductance.r

Li ie the intermal
tha integrationvariable, is the mirror

radial co~rd~nate; and c, the inverse toroidal ●epect
ratio, is equal to the ratio of minor to major radiue
of the shell.

In addition to providing equilibrium, ●tabi~ity,
and radial positioning in the horizontal plane, the
vertical field ehould also pro~ide etability relative
to displacementalong the toroidal axia of eymrwtry
(up-down drift). This constraint requ~ren a vartical
field-cu-vature euch thr. discharge colbmn
displacements from the ●quatorial plane are countered
by a radial component of the f.eld that forces the
column back to its initial position, The degrac of
field curvature may be quantified by the field index:

~ ?Bi
n - -—— ,

B1 aR
(6)

For O < n < 1.5, the condition for vertical ~nd
horizontal stability is theoretically natiefied.
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The Shafranov formulae have been checked for the
of an RFP plaama infiide a conducting shell over a
ronge c~fplaama conditirvto. In ●ddition, Eq. )
been checked for ueveral RFP crrnfiguratious
fic to thd ZT-40U deoign where the plaana
ibrlum iritt,tally supported by the equilibrium
nuti. In bnth cases, the checks were Derformod by

a[lax!fiytimctric,nummricul Grod-Shafranov eolver, ●nd
i!1 hot!,canefi,the Shafranov formulae uere accurate to
Wittlln 5% of their numcrlcal counterpart. Tkue,
MIN. (i) throu~l! (6) pruvtdv n rea~onabl{,deeign
Mpo[’ffiL’Ati[)l}for tileZT-40U equilibrium field contru],
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Fig. 2. Equilibrium vitwiingvacuum vertical field for
three fitld indicieo. (n = 0.2, 0.5, 0.8 [from left
to right]).

compoeed of multiple turns and are symmetric about the
●quatorial plane.

As previously noted, moat of the equilibrium
vertical rield is inductively driven by the plaama.
However, becauae the EF coil-liner spacing la large,
this induced current provides only 70% of the required
equilibrium field during the 20 maer plasma current
rice. Aa a result, the EF COI1O are configured to
boost the induced current by utilizing the magnetizing
flux. In thifiway, the power required to track plaama
equilibrium during the current rise and flat top
regf,..ecof operation is maintained at a re.aonable
level.

Figure 2 Illustrates the v-,cuumvertical field
produced by the uquilibriuu winding for three different
field indiciaa. In all caneb, the field and field
curvature ●re relatively constant over tb~ discharge
volume.

The )4aEnetizi~ Windirr&- (Dlsc!\argeDriver)— .— .—— —

rhe 8e8netizinI! (H) winding is responsible for
drivinR the plaama discharge. Therefore, it munt
nupply both the flux ewing and ett,redmagnetic ●nergy
necessary for initiating and suotain:ng thn dinchnrgc
curr~nt. Operationally, th$J in accompli~hrd by

precharging the M winding vin * power supplv, ●nd then
discharging the winding acr.)~~ a trlnoier rwslntor.
The changin~ magnetizing flllx riilet,) diacharglrrg
inducem the toroidnl plnama Voltllh that driven the
diet.hnrg?current.

Tho ●mount nf F-windlnx flux nwinM avullnhlP for
drtvinR th~ ditrchnr~e trr critical, nince it ultimnteIv

rietmrmln~s eact:ine performance from thr nt~ndpolni nf
curr~nt maqlitude and riurattun. The required po],,ldal
fit,x input for a 2 MA dirncharRQ mAv bc ~atlmatrd hv
ecalintr flux conaum,rtionmeaaurem~ntm from thr :1-40Y
rxperimcrot, Rocont m~amureman!m prl)j@rthotupcu @ Q.;!
●*\d l!,f)VOII-CQror)d Conarumptlotl” for rla~lim~n t,rtwerll

]() ●nd 20 mu, r@Sp@cLiv@ly.4 ThQnr l~r,,iv,l({~nu
probably r?praamnt conO@rvaLivc ontimatem.



2. Maximize electrical transfer efficiency between
the Ff-windingand the plasma.

3. Minimize axisyrmetric field errors in the plasma
due to flux leakage.

Simple numerical programs using eiliptic integrals were
compo8ed to calculate fields, flux nurface.9,
inductancesand coil forces The input parameter file
format for these programs were identical BO that the
filea could be passed between mechanical, circuit, and
magnetics deaignere in an iterative procese. A program
Wss alao written to caiculate coil positions for
minimum magnetic field magnitude within the liner under
specified constraints. After several sets of
iterations,in which the ●nergy transfer●fficiency wa9
calculateduein the SCEPTRE circuit code at a coupled

fitFP O-D ❑odel , a transfer ●fficiency of 12% was
obtained. The final agnetizing winding design
pret+uces a hexapole null et the mln~r axis and 130
gauss vertical field at the plasma liner for 35 kG on
the major aYis at the rnidplane. This error meets the
42 flux surface deviation criterion. When fully
excited (5.4 MA turns), the winding &tores 86 MJ and
15,8 V-aec (Wb). Figure 1 shows a flux plot for full
current operation.

Numerical Poloidal Field System analysis—

The poloidal field system rust provide equilibri~m
over two distinct time frame~. For timts short
:ompsred to the charac!eri6ticdiffusion time of the
shell, equilibrium in provided by shell currencs, In
addition, the sh~ll shields the plasma from
axit,ymmetricerrors and field ripple generated by the
discrete external field windings. Hence, the
equilibriummagnetic flux surface6 have approximately
nonconcentrlc circular cross sections. RFP equilibria
in the presence of the conducting 6+?1] ~ave been
extensively studied by numerical computation,

For times comparable to or longer titanthe she]
dlffuHion time, plasma equilibrium 1!,supported by th~
equilibrium wlndin$rt, For this cose, the equilibrium
pr<~pcrtlch of the poll~idtilft@lrleystem were checked bv
a code thot numericalIv uolve~ the (;ritd-Shafranov
equaciollin tllcpreMencc nf fiXQd, current csrrylrr~
cnnduct<trs. (:odo input required the Rpatial location
of each m~,~urtizln~ and equilibrium coil, the tntal
current irlnnch coil, n!ldn poloidd f)ux function and
pro#raurrprofilr reprv,jeututtvt,of the prt,dicred ZT-4011
perf(Jrmontv,

TIIr (’(,, !(, re#ulfh Arv illuritrnlrdin Fi#, ~. Tho
c{)mpiltltti[)llw ln(ffcdlo Itltct winding {,ontrvlled
oq\lIltbrin nre phvsi,IIlly vinhlr for thr proponed
p,)l(,ldll!11,1(1nynt~m. Tl)tYeqililihrl~imrtjiln are
Capxh!r (if,,}t]tr(,llIIIK LIIt. 1)1..IIIUW ,.quii{hrlumover [lit,
ran~v ,Ift,xl)rtted planm~t A (- ().7\ A s [).2), AlmB,
t(ltlllf111X tt!lrl~rwdist(,rtir,rrdilr t[> tht,dincrvto
•a~llotlrtll~ftndotliitIlbriltmwludln~n rt~mninedIenrithan
LX {If lIIP min(, r tor[]idu] radiuu,
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Fig. 3. The equilibrium paloiddl flux contour:.. The
(x,.) denote the position of the (geometric,
-gnetic) axis, respectively.

density of 35 Pd/m2. The dimensions of the copper
conductor are a function of tht call winding sequence,
the space allocated by the structural lavout, and the
lns,Jlationrequirements.

Computer aided design was used to devvlop -

a) The moat effective placemcnc of crossover sei,m,nts
in the winding sequence for minimum field error,
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b) The location of the current center alon~ the X,Y,Z
axis and tilt angle.

The number of turns per coil 16 det(.rminedby a
balance between risetime and the maximuo allowable
voltage for turn-to-turn coil Icsfiulatioli.For low
energy consumption and high flux coupliug, It 1S
desirable to have the coils as close an pooaible to the
plaama, but positioning the coils further away from the
plasma reduce6 the magnetic field ●rror. Computer
codes were developed to predict a reasonable coil
configuration resulting jn a low field error. (See
Table I)

Coil Streatzes& Cooling

TTsecombined principal atreaaes due to hoop and
bending for every coil configurationare calculated and
compiled hy computer code. The program takea into
account the parameters of width, depth, and locatior of
each coil, the length between oupports, and the current
to be carried by each CO1l. The magnetizing currect
force vector is directed toward the plasma, and becauae
the thermal stress in some instances la additive, it
becomes desirable to limit the combined hoop and
bending stress to 12,000 psi. Choosing lfk hard,
CU-104 copper with an ult.mate stress of 30,000 pai
allows a design 6tre6a of 15,000 psi and provide6 a
thermal .,tressmargin of 3,000 psi,

HOOD snd shear stresses were determined for each
of the magnet systems by invel
ef!ects of hoop bending and
specified support con<ttiona.

a) The hoop stress,
pressure from the axial magne
hy usin~ the nurmal thin shel

tigating the auperimpoaed
thermal stress.es under

cauaed by ~he magnetic
ic fields, was calculated

approximation:

S, !+.,
I

WIIC r,, If, - 1111, Hot. ! Ii III mt~(iilliln ot the cond(iccor’crue8
HI*[[11111, IIIId M - t,hv h,.ndi!ly,momrnt.; n function of
lon~ll)hulwr{,tiriup;lt)rtri.

TAFII,H1

MIN1!IIIMMA[;NI:TI[tMR(IRF!FI,IJAT VA(IIUMCtlAMllF)R
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I :{6 2 .l!2fi,7 4H.fl
I 3:IH .59.:1 120>()
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I367 10h[i 86,2
1:11c 131.:1 fl.tl
Iw:) 111.:1 .64 H
I:M),4 626 114.4
l:~llr~ 02(N)211MH .131,f)

-o11357E4):l .125,8
l[)h,4 .7FS.6
12(4,4 4:{,:{
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46.H 33,4
.131>3 .33,3
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7f).i2 .111;1

lm,ti .13.H
04.8 fw.rt
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A computer code waa developed to arrive at the
actual combined hoop and bending stresaea under

conditions rttich satisfied the placement of the coils
and the structural dsnign of the support frames. (See
Table II)

C) The compre~sive ●tressea which occur at
structural reatrainte aa ● result of thermal expansion
were evaluated, and their valuea superimposed on hoop
and rehearatrecaea. Since the temperature ri6e la a
function of the time duration of the pulse, it la
instructive to determine the tharmal stress in the
restrained direction caueed by heat input to the
syotem, assuming an adiabatic system:

pJ2t
Temperature rise - AT - —

(U.C.)Y ‘

ST = thermal atresn - E o AT ,

Thermal stress/time - aft - ~ ,

where:

E m Young’s modulus,
a - Coefficient of ●xpanaion ,
p - resistivity ,
J - current density ,
U.C. - specific heat ,
Y - density .

In a typical caae the current den6ity in a copper
conductor might be 20 MA/m2. If this flows for five
oeconds, the temperature rise would be 15.50C
(3.1°C/a), and the the-l stress in a restrained
section would be 25.3 NPa (3668 psi).

d) In considering the cooling of the conductor, it
is important to note that a balance must be achieved
bttween the temperature rise of the copper and thv
cooling water, and that this be done over the length of
the cooling path. A modiiied vepsion of the Princeton
“Kencool” progrnm calculates (AT) values under pulse
conditions for given values of inlet water and coolant
hole; copper length and area; ●quivalent square wave
cnd repetition cycle; and current (kA/turn) and flow
rate. The code calculates temperatures of copper and
water for approximately onr hour of operistion until the
tempertiture valuer4 conver$e. For the magnetizing
windings, the equivalent square wave equals 4.2 See,
●nd the duration of the repetition r~tu equals 3(IOsec.
(See Tablo 111)

r.)Interlaminar shenr wnn cislculatcdaHs4umingthat
the copper and in~ulation ●rv well I){)nded,an{l
therefore the compo~ltr of copper ssndinnulncim W[)ul,l
have to expand @n n Unit. On thssthanim, nn 41vvlnur

cuefficle11 ()f expantilon Wab calculated fur tile
componite. Tn find thr diff~rentlal strnlr]Iwtwrrn
.,opper●nd lnsulatiwn, it wan neceflsnrv tt> ctlmp(ltI.
separately the virtussl thermn1 ●xpannion c)f evrry
component: tho compw8ite memhrr, the (’(>l)pvt, and thv
ineulatioo, enrh without rerrtrnint, and then I+[Ilvrfor
the force which ~rta on thr b[)lldt,(ltnterfrtcr betw~rn

TABLE 11

COMBINED lKI(~l’ANIJBKNDINC STRESSFS IN Till(:1111

NI r7, Pm 1.
IR Ii

rlI
A I.Sr

n);~ll, (’r)Mlll N,l!
1,S IN In IN mttt’. s

W41



TASLE 111

COIL COPPER AND COOLING WATER TEMPERATURE GRADIENTS

Transient COOL PROORAM

lnlcl Wd*r 281XMWsrrn C

CONII Hoi. r CUR p?
SQ IN SQIN kA
351s 0151 66135 4.m

START

TIME- WCMSECONI)Q
C’ONIMICTOR TEMPERATURE
46 R$905415S 2621
RES IMILLIOHMSI 03SS

TIME= 8sS526SECONPS
cONINI(TT)R TEMPERATURE
2713333463S 1437

REP TIME CPM PL NFL WATER TEMPERATURE

SEC Fr 2:122!!R 2s1 370374

MM 3M-W 150MI0 s RES IMILUOHMS] 0.w!4

Fl) ISH

TIME 179115NISECONIIS
CON I)(I(TOR TEMPER AT(’Rf.
271 X14 Wlo39744n

WATER TEMPER fT!l RE
23?258292333. ?40

co,~er and insulation in the form of uhear. The
resulting stress, which is equivalent LO the force over
the hondinC s:!rface,has in each caae been leaa than
the allowable value of 20.7 HPa (3000 F-i) documented
by experimental data from various sou~.es.

The Upper Structure—

The upper structure consisrs of beams, columns and
plates which support the weight and forces of the
magnetizing coils and alao the accea6 platform. The
structure 1s composed of twelve modular pie-shaped
sectionb bolted together at aaaembly. Fi$ure 5
illustrates one of the 30° modular oectim6. The
bulkhead-pedestalstructure supports the vacuum shell
and the poloidal and tor~idal coils. The 6.ructure 1s
sectioned to allow acceas, aaaembly, and removal of the
coils and other components.

Because o, the complexity of the upper structur,:
and thr number of interactingforces, a finite element
analyb .s waa initiated to confirm strcaaes ,nncf
deflections in the fiberglass frame. Only one of

twulv(, b,i]khe:)d frame~ (or the equivalent of a 30[)

J_....I’m’

‘In d .,11
_[r...-fi

m
‘“““’””-T

L—,,,.

segment of the support structure) needed to be
conaidercd by the computer model, because all the loads
are repetitive and axi-symmetric about the torus
centerline.

The Loads

The loads used in the anelysia were based on full
current in till the field coils, the 160,000 lbs. weight
of all the components, vacuum on the liner and the
toroidal coil centering force and toppling moment.
Loads due to the thermal expansion of the coils were
not considered, and the coils were modeled as
rectangular copper sections withGui giving structural
credit to the ●poxy-fiberglana Insulation. Weight
effects of structural members and the direction of
gravity acceler~tion were irrclude4 in the analysis.
The maximum magnetic forces on the magnetizing coils
are given in Table IV The msgnitLde and direction of
the magnetizing coil vectors form a major part of the
loading in the finite element model.

TABLE IV

NOfWL FORCES ON MAGNETIZING COILS P.T PEAK Ct’ARGE

(~ = 136 kA)

o
F/l

Coil No. Degrees (lb/in.)——

Ml -6 9,97(.I
M2 -25
M3

lU,960
-9 8,96[)

W -38 5,33(J
M5 -22 3,53(J
M6 -z? 2,960
H7 -64 2,147<)
MB -67 5b(l
M’3 -91 31411
Mlo -148 230

BoundaQonditiuns and Metl]od nf Analvsis——...— . ———

The baae of the upper support irart.ewas thought of
aa being fixed at the inner and [~uterradii. A( f!,~.;fl

locati0n8, t,le frame is attached tn another pli]tform,
which i,)turn i~ fastened to the concrete flw,r helnw.
The nodcri nn tbe I 15° planefi of symnwtr~ were
considered to be restrained from translating normnl t<)
the ~lanr, and from r(!tntingin tllvplane of symmetry.
The ,jontfiin the frame (henms columns and plateH)
were a6sumed to be rig!d. TIIt,fiborgltl~s plnt(,
ma Ler ial was con H*ruud tt! be isotropic in pltInr.
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Fig. 6.

DEFLECTION 6 STRESSES FROM THE FINITE ELENENT ANALYSIS

Scaled-up Defle-tioilof Finite Element Model.

TARLE V

MATERIAL PROPERTIES

G.](J (plates) 2.0 0.25 0.065 50
Extrenlbeama~ 2,0 0.25 0.065 25
CopperIcuiim) 17.0 0.33 0.320 30 (yield)
Alumlnum,torua) 10,5 0.30 0.097 30 (yield)

UPPERSL’PPORT STR[!CTURERES1 ILTS

Region Detl Stress Material
DeOcnptum

Topofframp 0,3In.vert. Fiberglaoa

outrode )fframr 0,2 in,horiz Fl%rglana
Frsme bulkhead 0,25In vet-t Fiburglaan
irrtmferrncr
Insldrofframv 13km (Beam) Eut,en

Irrmdcoffrarrw 11ka](plnte) G Ii)

Torusbulkhrnd 2 km (Pin@) G.1O
mttechnient
Turu# ? kal fPlc@) Aluminum

Matinetlzinti coIln 16 kal(Plaw) Copper
Hand 18
MarnetltlnucoilH 0,3:1In vert c{)pp?t

IU4N11CI izin~ wlndln~N. k redesign will minimlrt

dcfurm,tt ions by
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